Platinum was recovered from the leaching liquor of spent petroleum catalyst by solvent extraction. Most of platinum in the spent catalysts was leached by using a mixture of HCl and H 2 O 2 from the roasted spent catalyst. The effect of concentration of HCl/H 2 O 2 in the solution, reaction temperature and pulp density was investigated. Complete extraction of Pt and Fe from the leaching liquor was obtained by Aliquat 336 at an O/A ratio of 1 in 2 stages. High purity solutions containing Fe and Pt were obtained from the loaded Aliquat 336 by scrubbing with dilute HCl solution and stripping with HClO 4 , respectively. Finally, HCl in the raffinate was regenerated by extraction with TEHA (Tri (2-ethylhexyl) amine) and then by stripping with water. The purity of HCl in the stripped solution was high enough to be reused in the leaching of spent catalysts. The optimum conditions in leaching, extraction and stripping together with the mass balance of the constituents of the spent catalysts in the whole process are reported.
Introduction
Platinum group metals (PGMs) has wide range of applications due to their peculiar physical and chemical properties. 1) Among PGMs, platinum is used as an alloying agent for other metal products, such as fine wires, medical instruments, and jewelry. Platinum together with palladium and rhodium are the main active components of car catalytic converters.
2) Pt and Rh are indispensable in air-pollution control catalysts.
3) Platinum metal and PtO 2 are also widely used as catalyst in a variety of reactions in chemical and petroleum industry. 4, 5) The demand for PGMs in the manufacture of advanced materials with special function is increased with the development of industry. At the same time, considerable amounts of spent catalyst containing platinum and other precious metals are produced. The spent catalysts from automotive, chemical and petroleum industry are the secondary sources of the PGMs, in which the content of PGMs is about one thousand times of them in general platinum ores. 6, 7) Since the cost for the production of PGMs from the naturally occurring ores is high, it is important to develop a process for the recovery of PGMs from these secondary resources.
Hydrometallurgical method has advantage in selectively recovering metals from secondary sources compared with the pyrometallurgical processing. 8) In hydrometallurgical method, PGMs are recovered by leaching with different lixiviants from the spent catalysts, 915) and PGMs can be separated from the leaching solution by ion exchange or by solvent extraction. 1618) In this study, a hydrometallurgical process on the recovery of Pt from the spent petroleum catalyst was developed by leaching with hydrochloric acid and hydrogen peroxide followed by solvent extraction. An optimum leaching condition to maximize the dissolution of Pt from the spent catalysts was obtained from the experiments by varying leaching conditions, such as roasting, the concentration of hydrochloric acid, the addition of oxidizing agent, the reaction temperature and pulp density. Large amount of Si in the leaching liquor was removed by filtration. Pt and hydrochloric acid was separated from the leaching solution. Fe was separated from the co-extracted organic containing Pt by scrubbing. Mass balance of the constituents in the spent catalysts was obtained. The purity and recovery percentage of Pt, Fe and HCl are reported.
Experimental

Catalyst
The spent catalyst pellets were crushed and homogenized by through mixing, and the particle size distribution was determined by standard sieve. The powders with a size distribution of 0.10.3 mm were employed in the leaching experiments. The chemical composition of the spent catalyst powder was determined by XRF and ICP-OES and the results are shown in Table 1 .
In order to investigate the effect of roasting of the spent catalyst on the leaching of metals, the spent catalyst powders were roasted in a furnace in the temperature range from 700 to 900°C. During the roasting procedure, the temperature was increased at a rate of 10°C/min, and after the temperature was reached, the temperature was maintained constant for 5 h. Then the roasted spent catalyst was cooled down in the furnace and was kept in a desiccator before experiments.
Leaching procedure
Leaching agents were prepared by diluting certain amount of acid or alkali in doubly distilled water. Reagent grades of of leaching solution was filled in the reaction vessel and the reaction temperature was controlled by using digital magnetic stirrer equipped with heating, stirring and timer function. Once the reaction temperature was reached, 5 g of the spent catalyst with a particle size of 0.10.3 mm was poured into the reaction vessel. After 2 h leaching reaction, the insoluble residue was separated immediately from the leaching solution by vacuum filtration and the concentration of metals in the filtrate was measured by ICP-OES (Spectro Arcos).
Extraction and stripping procedures
Aliquat 336 (Tricapryl methyl ammonium chloride) (Cognis co.) and TEHA (Tri (2-ethylhexyl) amine) (BASF corp.) diluted in toluene were used as an extractant in the extraction of Fe, Pt and HCl from leaching liquor, respectively. The aqueous and organic phase were mixed in a 0.1 dm 3 screwed cap bottle with certain O/A ratio and shaken for 30 min with a wrist action shaker. The aqueous phase was separated after the two phases were well separated. The organic phase was stripped by certain stripping agent at desired A/O ratio. All the extraction and stripping experiments were carried out at ambient temperature. The concentration of metal in the aqueous phase was measured by ICP-OES (Spectro arcos). The concentration of metal in the organic phase was obtained by mass balance. The concentration of HCl was determined by volumetric titration with standard Na 2 CO 3 solution. 19) 3. Results and Discussion
Leaching of spent catalyst
In order to find an optimum leaching condition to dissolve platinum from the spent petroleum catalyst, the effect of several variables, such as the nature and concentration of leaching solution, addition of an oxidizing agent, roasting of the spent catalyst, reaction temperature and pulp density was investigated.
Leaching of spent catalyst with different lixiviants
In leaching experiments, 0.1 dm 3 of HCl, HNO 3 , H 2 SO 4 and NaOH were employed and its concentration was varied from 1 to 9 mol/dm 3 , respectively. Five gram of spent catalyst (0.10.3 mm, without pre-heat treatment) was added to get 50 g/dm 3 of pulp density. The reaction temperature was controlled to 70°C. Table 2 shows that the increase in the leaching percentage of Pt with increasing the concentration of lixivants differs except NaOH. However, in all the concentration range of these lixivants, the leaching percentage of Pt was lower than 17% by using HNO 3 and 3% by using H 2 SO 4 . HCl as the lixiviant led to the highest leaching percentage of Pt in our experimental condition. When the concentration of HCl was 9 mol/dm 3 , the maximum leaching percentage of Pt (76%) was obtained. Generally, PGMs have a great tendency to form complexes with chloride ion. Chloride ion facilitates the dissolution of PGMs through the depletion of free metal ion of PGMs by formation of complexes. The difference in oxidation potential of Pt in the absence and presence of chloride ion is demonstrated in the following equations.
20)
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Effect of H 2 O 2 addition
As an oxidant, H 2 O 2 was employed in the leaching of metals from various primary/secondary sources. 2123) In order to obtain the optimum concentration of H 2 O 2 , various amount of H 2 O 2 was added to 30% of HCl solution and these mixtures were employed in the leaching experiments. In these experiments, the other experimental condition was kept to the same as section 3.1.1. Leaching reaction of Pt in a mixture of HCl and H 2 O 2 can be represented as follows,
The results show that the leaching percentage of Pt increased from 73 to 84% with the increase of H 2 O 2 volume percentage from 0 to 2%, and nearly constant with further increase in the amount of H 2 O 2 . Meanwhile, there was not much change in the leaching percentage of Al (3840%), Fe (5355.6%), Ni (4446%) and Si (12.5%). Their leaching percentage varied in a range within 5%.
Effect of roasting of the spent catalyst
The effect of roasting of the spent catalyst on the leaching of metals was investigated by roasting the spent catalyst in the temperature range from 700 to 900°C. Leaching experiments were carried out using the roasted spent catalyst powders (0.10.3 mm). In these experiments, a mixture of 30% HCl and various amount of H 2 O 2 was used. It was observed in Fig. 1 that the leaching percentage of Pt increased with increasing the roasting temperature from 700 to 900°C at the same concentration of H 2 O 2 . The leaching percentage of Pt from the roasted spent catalysts was higher than that from unroasted spent catalyst when the amount of H 2 O 2 in the leaching mixture was same. In leaching of roasted as well as unroasted spent catalysts, the effect of adding H 2 O 2 was remarkable but there was a little difference in the leaching percentage of Pt when the volume percentage of H 2 O 2 was increased from 1 to 2%. This result reveals that roasting the spent catalysts had a favorable effect on the dissolution of Pt with both HCl solution and a mixture of HCl and H 2 O 2 . After roasting the spent catalysts at 800 and 900°C, leaching percentage of Pt increased up to more than 99% at 1 and 2% of H 2 O 2 , respectively. In these experiments, the spent catalysts were first roasted at 800°C and the other variables were kept at the same. Figure 2 indicates that the leaching percentage of Pt increased with increasing the concentration of H 2 O 2 from zero to 2% at the same concentration of HCl. When the concentration of H 2 O 2 in the mixture was 1 and 2%, increase of HCl concentration from 10 to 30% led to little difference in the leaching percentage of Pt. The leaching percentage of Pt in these ranges was 99.9%. However, the leaching percentage of Pt was lower than 43% when HCl concentration was 5% even after adding H 2 O 2 into HCl solution. Figure 2 indicates that a mixture of 10% HCl and 1% H 2 O 2 can lead to complete dissolution of Pt from the roasted spent catalysts.
Effect of reaction temperature and pulp density
The effect of reaction temperature on the dissolution of Pt from the roasted spent catalyst was investigated by varying the reaction temperature from 30 to 90°C. The mixture solution of 10% HCl and 1% H 2 O 2 was employed as leaching solution. The leaching percentage of Pt increased with increasing the reaction temperature from 30 to 70°C. And when the reaction temperature was 70°C, the leaching percentage of Pt was 99.9%, and further increase of the reaction temperature had no effect on the leaching percentage of Pt. Therefore, the reaction temperature of 70°C is enough to obtain complete dissolution of Pt.
The effect of pulp density was also investigated by varying the pulp density from 30 to 100 g/dm 3 . The reaction temperature was kept at 70°C. And the other leaching condition was kept the same with the above experiment. The results show that when the pulp density was not higher than 50 g/dm 3 , Pt was almost completely dissolved from the spent catalyst, while the leaching percentage of Pt decreased linearly with increasing the pulp density from 50 to 100 g/dm 3 . From our results, an optimum leaching condition was obtained as follows, Lixivant: a mixture of 10% HCl and 1% H 2 O 2 ; reaction temperature: 70°C, pulp density: 50 g/dm 3 , roasting temperature of the spent catalyst: 800°C.
Recovery of metals from the leaching liquor 3.2.1 Removal of Si from the leaching liquor
The leaching liquor was obtained at the above-mentioned leaching condition, and the chemical composition of this leaching liquor is listed in Table 3 . The concentration of HCl was 2.9 mol/dm 3 in this leaching liquor. In acidic solution, Si exists as hydrated silica, which could form chain due to self-polymerization, and then becomes gel due to threedimensional network structure. 24) Besides, chloride ion could combine with hydrated silica, which promotes self-polymerization rate of hydrated silica.
PAM (polyacrylamide), as a flocculant, was reported to have ability to remove Si from picking liquor. 24) In this study, after the leaching liquor was separated from residue, PAM was immediately added to the leaching solution according to the condition reported in the literature. 24) But there was no change in the leaching liquor. Therefore, PAM was found to be ineffective in removing Si from our leaching liquor.
However, about 12 h after the leaching liquor was separated from the residue, large amount of gel silicon was formed and it could be easily removed by ordinary pressure filtration in 35 min (for 0.2 dm 3 ). In this study, 98% of Si was removed by this method, and the concentration of Si after this treatment was decreased to 23.7 mg/dm 3 .
Recovery of Pt and Fe from the leaching liquor
In strong chloride solution, Pt and Fe can form complexes with chloride ion and exists as anionic species. In this study, Aliquat 336 was chosen to extract the two metal ions from the leaching solution. Extraction experiments were carried out by varying the concentration of Aliquat 336 from 0.1 to 0.7 mol/dm 3 . Figure 3 shows that all of the Pt and more than 95% of Fe in the leaching liquor were extracted in all the concentration range of Aliquat 336. The extraction percentage of Fe increased slightly with increasing the concentration of Aliquat 336. In the case of Si, Ni and Al, the extraction percentage of Si was lower than 10%, and neither Al nor Ni was extracted from the leaching liquor by Aliquat 336.
Since the extraction percentage of Fe was high (98% at 0.3 mol/dm 3 Aliquat 336), it was possible to extract most Pt and Fe from the leaching liquor with Aliquat 336. A batch simulation experiment of a two-stage counter current extraction from the leaching liquor was done by using 0.3 mol/dm 3 
Regeneration of HCl from the raffinate
It was reported that TEHA has ability to extract sulfuric acid from aqueous solutions. 25) In this study, TEHA was employed to regenerate HCl from the raffinate after the removal of Fe and Pt from the real leaching liquor by extraction with Aliquat 336. The composition of the raffinate after the separation of Pt and Fe was: Al, 2,500 mg/dm 0.8 100 100
1.0 100 100 2.5. However, it was noticed that even though the O/A ratio was increased to more than 4, there was no change in the concentration of HCl in the aqueous phase. Therefore, batch simulation of a four-stage counter current extraction of HCl at an O/A ratio of 2.5 was carried out to identify the feasibility. The results show that the concentration of HCl in the raffinate after extraction was 0.29 mol/dm 3 , which means that HCl could not be completely extracted by 1.5 mol/dm 3 TEHA at the above experiment condition.
The extraction behavior of HCl by using 1.5 mol/dm 3 TEHA was further investigated by varying the concentration of HCl in pure HCl solution from 0.01 to 6 mol/dm 3 . Figure 5 shows that the extraction percentage of HCl by TEHA was affected by the concentration of HCl in the feed solution, and when the concentration of HCl was lower than 0.3 mol/dm 3 , HCl could not be extracted by TEHA. The extraction percentage of HCl increased with increasing the concentration of HCl in feed solution from 0.3 to 1.5 mol/dm 3 , and then decreased with further increase of HCl concentration from 1.5 to 6 mol/dm 3 . From these results, the extraction reaction of HCl by TEHA(R 3 N) can be represented as
The results of the batch simulation experiment as well as the results shown in A process flow sheet which was developed in this study is represented in Fig. 7 . Mass balance of the constituents present in the spent catalysts is shown in Table 6 . Purity of Pt, Fe and HCl was obtained from the real leaching solution. About 99.8% of Pt with 97.8% purity was recovered from the leaching solution of the spent catalysts. The advantage of our process lies in the fact that most of Pt and Fe with high purity can be recovered together with the regeneration of HCl. The purity of this regenerated HCl solution was higher than 99%, which shows that this solution can be reused in the leaching of spent catalysts. The remaining metals, such as Ni, Al and Si can be processed from the raffinate after the extraction of HCl by TEHA. Further work is necessary to increase the purity of Pt and recovery percentage of HCl.
Conclusions
Leaching experiments have been done to find an optimum condition to dissolve Pt from the spent catalysts of petrochemical industries. In our experiments, the effect of roasting treatment, the concentration of HCl and H 2 O 2 , the reaction temperature and pulp density were investigated. Roasting the spent catalysts had a favorable effect on the leaching of Pt from the spent catalysts. In the absence of oxidizing agent, the highest leaching percentage of Pt was just 84% in the leaching with 30% HCl from the roasted Fig. 7 General scheme for recovery of metals from the spent petroleum catalyst by leaching processing followed by solvent extraction and stripping. *Al, Ni concentration had no change in all the procedure, so they are not included in this table. The recovery of Al was 100%, and the purity of Al was 99% containing Si and Ni as impurity.
